that the RRM is an ancient and important structural motif
Introduction translation initiation indirectly with the aid of a PABP interacting protein (PAIP-1), which resembles eIF4G
Following synthesis by RNA polymerase II, eukaryotic (Craig et al., 1998) . PAIP-1 interacts with eIF4A, and pre-messenger RNAs undergo a number of functionally overexpression of PAIP-1 increases the rate of translasignificant chemical modifications, including addition of tion initiation (Craig et al., 1998) , suggesting that there a 5Ј 7-methyl-G cap and a 3Ј poly(A) tail. Polyadenylation are at least two ways to "close the loop" between the involves recognition of a 5Ј-AAUAAA-3Ј consensus se-5Ј and 3Ј ends of mRNAs. Additional support for the quence, followed by an endonucleolytic cleavage event significance of the "closed loop" model in higher eukaryand poly(A) polymerase-directed addition of a substanotes comes from studies of rotaviral RNA translation tial number of adenine nucleotides (typically 60 to 80 in (Piron et al., 1998). These gastrointestinal pathogens yeast, and up to 250 in mammals) to the 3Ј end of the shut off host protein synthesis using NSP3, a viral promRNA (reviewed in Wahle and Keller, 1996) . Since its tein that binds to eIF4G and blocks interactions between initial discovery and functional characterization, the eIF4G and PABP, "breaking" the mRNA circle. In conpoly(A) tail has emerged as an important contributor to trast, translation of the capped viral mRNA is unaffected, both translation initiation and mRNA stabilization/degrabecause NSP3 "closes the loop" by binding to a condation (reviewed in Sachs and Wahle, 1993) . The poly(A) served 5Ј-UGACC-3Ј motif found in their 3Ј UTRs. tail is found in a specific nucleoprotein complex with a All published PABP sequences include four highly 71 kDa poly(A)-binding protein (PABP), which was first conserved RNA-binding domains (Adam et al., 1986) , known as RNA recognition motifs (RRMs), arranged in isolated by Blobel (1973) and later purified to homogenetandem (Figure 1 ), followed by a less well conserved, ity by Baer and Kornberg (1983) . Multiple copies of PABP proline-rich C-terminal portion of variable length. The RRM family encompasses more than 200 proteins of bacterial, fungal, plant, and animal origin, suggesting § To whom correspondence should be addressed (e-mail: burley@ rockvax.rockefeller.edu).
that the RRM is an ancient and important structural motif In this paper, we present the X-ray structure of an active, C-terminal truncation of human PABP (RRM1/2) corresponding to the central two ␤ strands (reviewed in Nagai, 1996). Numerous biochemical studies (Scherly et Crystallization and Structure Determination A 11 and human PABP RRM1/2 yielded high-quality cocrystals, containing eight crystallographically independent copies of a 1:1 protein:ligand complex in the asymmetric unit (Experimental Procedures). Marginal experimental phases were obtained at low resolution using two nonisomorphous heavy atom derivatives. These data were combined with the structure of RRM1 of hnRNP A1 (Shamoo et al., 1997) in an exhaustive phased translation search performed with every possible orientation of the RRM (B. Strokopytov and S. C. Almo, unpublished data). All 16 RRMs comprising the asymmetric unit were located using this brute force approach, and the resulting 2|F obs |Ϫ|F calc | difference Fourier synthesis revealed electron density for the linker between the two RRMs and polyadenylate RNA. A complete structural model for all eight copies of the RRM1/2-A 11 complex was built with the aid of noncrystallographic averaging. The current refinement model has an R factor of 23.0% and a free R value of 30.4% at 2.6 Å resolution (Brü nger, 1992a). 
Structural Overview

RRM2 and RRM3). We believe that the domain linker Noncrystallographic Symmetry between RRM1 and RRM2 is disordered in the absence
The eight complexes comprising the crystallographic of RNA, because it makes no intramolecular contacts asymmetric unit ( Aromatic/Aliphatic-Adenine Sandwiching (OH-O1P ϭ 2.8 Å ), Tyr-56→Ade-8 (OH-O1P ϭ 2.5 Å , Ade-3 and Ade-6 are found in similar protein environ-OH-O2P ϭ 3.6 Å ), and Arg-89→Ade-8 (NH2-O2P ϭ ments ( Figures 5B and 5D) . In both cases, the isolated 2.9 Å ). The protein also makes a significant number of base is sandwiched between aromatic and aliphatic side contacts with seven of the eight ribose moieties, the chains, with interactions between the protein and the sole exception being Ade-1. In four cases (Ade-2, Ade-3, base edge specifying adenine. Ade-3 is sandwiched beAde-6, and Ade-7), the 2Ј hydroxyl groups interact with tween Phe-102 (interplanar distance ϭ 3.4 Å ) and Argthe protein, suggesting that human PABP RRM1/2 will 179 (closest approach ϭ 3.2 Å ) and specified by Lysnot bind tightly to poly ( Having described how all known RRMs utilize the same ␤ sheet surface for single-stranded RNA binding, we turn our attention to the question of how this chemically variable surface can recognize different RNA sequences. We have already explained how a protein could distinguish adenine from other RNA bases, and we showed in some detail how PABP uses stacking interactions plus hydrogen bonds and van der Waals contacts to achieve this end. The U1A and U2BЈЈ cocrystal structures provide four additional examples of adenine recognition, all of which conform to the patterns seen with PABP RRM1/2. Although the following discussion is restricted to RRM-RNA cocrystal structures, similar principles of nucleotide recognition have been observed for the interaction of hnRNP A1 with singlestranded telomeric DNA (Ding et al., 1999).
Guanine recognition should be similar, except for contacts with chemically unique features (i.e., hydrogen bonds with acceptor O6 and donors N1 and N2). The U1A, U2BЈЈ, and Sex-lethal structures provide four examples of guanine recognition. In all cases O6 is used as a hydrogen bond acceptor, and three of four N2 groups act as hydrogen bond donors. Only one of four guanines uses N1 as a hydrogen bond donor.
We expect pyrimidine recognition to operate using analogous rules of chemical complementarity. Steric considerations would favor pyrimidine in restrictive protein environments. The carbonyl oxygen O2 could also distinguish pyrimidines from purines. Hydrogen bonding can then be used to detect N4 of cytosine versus O4 of uracil. Together, the U1A, U2BЈЈ, and Sex-lethal structures provide 13 examples of uracil recognition. Only 5 of 13 uracils engage in stacking interactions with the protein or another base, underscoring the importance of stacking interactions for recognition of purines. Seven of 13 uracils use O2 to accept hydrogen bonds, providing discrimination from purine, and 8 of 13 uracils use O4 as hydrogen bond acceptors, distinguishing them from cytosine. At present our database includes only three examples of cytosine being recognized by an RRM. Only one of three cytosine O2 carbonyl oxygens is used as a hydrogen bond acceptor, and all of the N4 groups act as hydrogen bond donors, permitting 
